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ABSTRACT 
Optimal Design and Comparative Analysis of Multi-Phase Permanent Magnet Assisted 
Synchronous Reluctance Machines 
 (August 2015) 
Sai Sudheer Reddy Bonthu 
Chair of Advisory Committee: Dr. Seungdeog Choi 
PMa-SynRMs are similar to interior permanent magnet (IPM) motors in structure 
but are more economical due to reduced permanent magnets. This thesis presents an 
optimal design of five-phase permanent magnet assisted synchronous reluctance motor 
(PMa-SynRM) for low torque ripple applications and its comparison with a three-phase 
PMa-SynRM. The research on the five-phase PMa-SynRM has been expanded to develop 
a 15kW integrated starter generator (ISG). 
In this study, the design of five-phase permanent magnet assisted synchronous 
reluctance motor (PMa-SynRM) for low torque ripple. PMa-SynRMs are similar to 
interior permanent magnet (IPM) motors in structure but are more economical due to 
reduced permanent magnets. In this study, lumped parameter model (LPM) is used in the 
approach to initially design the five-phase PMa-SynRM. Numerical equations are 
integrated with the LPM to design the machine with its given range of design parameter 
values. Thousands of designs are generated by LPM, which are then converged to
 iv 
 
optimized model using differential evolution strategy (DES). Optimization is done with 
maximum efficiency and minimum torque ripple as objective. The optimized 3 kW five-
phase PMa-SynRM is then analyzed by finite element method (FEM) for fine tuning. 
Simulation results for back electromotive force (EMF), flux linkage, developed torque, 
torque ripple, cogging torque, torque speed characteristics and necessary motor 
parameters such as d and q-axis inductances variation over respective axis currents are 
verified by fabricated prototype. 
In addition, comparison of three-phase and five-phase permanent magnet assisted 
synchronous reluctance motors (PMa-SynRM) in terms of their design and performance 
characteristics is presented. With higher fault tolerant capability, efficiency, and 
reliability, the five-phase PMa-SynRM can be a better substitute when compared to the 
three-phase PMa-SynRM in critical applications where safety is top priority. In this 
study, for a fair comparison, same design procedure using LPM is followed in developing 
the three-phase and five-phase PMa-SynRMs. Performance characteristics such as torque 
pulsation, back-EMF, flux linkage, etc. are intensively simulated through FEM. The 
optimized three-phase and five-phase PMa-SynRMs are fabricated with the same power 
rating (3kW) and same volume. Experimental tests are conducted on the prototypes to 
validate the simulation results. A 15kW five-phase PMa-SynRM integrated starter 
generator (ISG) has been proposed in this study. Initial model in LPM and procedure to 
be followed to develop the final optimized model with DES optimizer has been 
presented. 
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CHAPTER I 
INTRODUCTION 
1.1 Introduction 
Electric machines have been the heart of energy conversion systems since many 
years. Automotive industry, in particular, has been utilizing electric motors for its 
propulsion system from more than 100 years. Many other critical applications such as 
aerospace, marine, locomotive, and military have been deploying electric motors in their 
design to provide the best performance. Research has been extensively done over the past 
100 years in developing efficient and reliable electric motors for many applications where 
safety is a very important concern. 
Considering everyday life, electric motors play a vital role in the automotive 
industry. They have been widely used from propulsion systems to power windows. 
Electric motors used in current automotive applications can be broadly classified into 
three categories. The first type is the direct current (DC) motors which are low powered 
and low torque density motors. These motors are used in applications which require less 
power, for example, to power windshield wipers. The second type is the, alternating 
current (AC) induction motors (IM) which are used in critical applications such as 
propulsion, to start the engine, braking, electricity generation, reversing, and speed 
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variation. IMs are widely used not only in the automotive industry but also in several 
household appliances. The third type is the permanent magnet (PM) motors. They have 
higher torque and higher power density compared to the induction motors due to the 
presence of magnets in their design. Moreover, with advancements in high energy PM 
materials and manufacturing techniques, these machines have become economical as 
well. Advanced vehicular technologies such as hybrid electric vehicles (HEVs) and 
electric vehicles (EVs) consider these machines as the best available solution now. 
However, research has been done rigorously in developing different topologies to 
optimize their use in the automotive applications. 
 
1.2 Evolution of PMa-SynRM 
As mentioned earlier, alternating current (AC) induction motors (IM) have been the 
ubiquitous, in the automotive industry, in the 20
th
 century since they were robust and 
economical [1]. However, due to their disadvantages such as complex control of speed, 
low power factors and higher starting currents, they are not considered as the best fit in 
automotive applications where safety and efficiency are of top priority.  
With sophisticated technologies, in manufacturing materials, available in the later 
20
th
 century and early 21
st
 century, PM motors have better performance characteristics 
when compared to the induction motors. A lot of different topologies have been presented 
in the literature which made the PM motors a trend in current automotive industry. 
Interior permanent magnet (IPM) motors and permanent magnet assisted synchronous 
reluctance motors (PMa-SynRMs) are two important inventions which have been the 
better solutions available for the advanced automotive industry. Other types of motors 
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such as synchronous reluctance motors (SynRMs) and switched reluctance motors 
(SRMs) have also been competitive in the present motor technologies. These machines 
have the advantage of developing torque without PMs in their design which makes them 
more economical.  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. IPM motor, SynRM and PMa-SynRM rotor structures 
Over the past two decades, three-phase IPM machines and SynRMs, shown in Fig. 1, 
have been used as an alternative to induction machines (IM) as they offered higher torque 
density and higher efficiency. They have been promising, particularly, in critical 
applications such as electric vehicles (EV) and hybrid electric vehicles (HEVs). 
However, IPM machines have drawbacks such as uncontrolled flux linkages which are 
produced by PMs and large d-axis currents at high speed during flux weakening region. 
Interior permanent magnet (IPM) Motor 
Synchronous Reluctance Motor (SynRM) 
Permanent Magnet Assisted  
Synchronous Reluctance Motor 
(PMa-SynRM) 
PMs 
Air 
Air 
PMs 
Hybrid 
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SynRMs offer poor performance because of their lower saliency ratio and higher torque 
ripple. Hence, there is a demand to explore new ways of developing a machine which has 
lower rare earths, higher efficiency, higher torque capability, and lower torque ripple. 
With the above mentioned drawbacks, IPM motors and SynRMs can also be 
considered as not the best fit in the advanced automotive applications [2]-[13]. PMa-
SynRMs can be defined as the hybrid of IPM and SynRM motors. They have PMs which 
help boost the total torque developed in addition to the reluctance component in the 
machine. So, PMa-SynRMs, as shown in Fig. 1, can be the best fit with its combined 
advantages of both IPM and SynRMs and nullifying the disadvantages of both the 
machines.  
 
1.3  Research Objectives 
PMa-SynRMs have been proposed as best substitute for IPM machines and SynRMs 
[2], [3]. The PMa-SynRM offers higher reluctance torque and lower cost when compared 
to other motors such as IPM motors and SynRMs. The main advantage with PMa-SynRM 
is that they have smaller composition of magnets and magnetic flux linkages compared to 
IPM which implies that the reluctance torque is the major contributor for the developed 
torque. On the other hands, IPM motors take larger amount of rare earth magnet which is 
not economical.  
SynRMs have drawbacks such as higher torque ripple. Though techniques such as 
rotor skewing or selected rotor steps have been proposed to reduce the torque ripple in 
SynRMs, it still persists [4].  
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In the literature, alternative techniques such as shifting the flux barriers from their 
symmetrical position to nullify the torque harmonics have been adopted to reduce torque 
ripple as well as cogging torque [5]. Transverse laminated types of rotors were also 
proposed for obtaining low torque ripple in SynRMs [6]. 
However, PMa-SynRM, with its advantages such as flexibility in rotor structure and 
higher saliency can be more appropriate for low torque ripple applications. Adding 
multiple phases to PMa-SynRM can lower the harmonics in back electromotive force 
(EMF) and also reduce the amplitude of torque pulsation while increasing its frequency. 
With these additional advantages the multi-phase PMa-SynRM is important to develop 
for EV and HEV applications which require low torque pulsations [7].  
Research has been extensively done in modeling multi-phase IPM and also 
synchronous reluctance machines (SynRMs) [8]. Being a hybrid of IPM machine and 
SynRM, multi-phase PMa-SynRMs can be modeled through following similar 
procedures. To develop an efficient and economical PMa-SynRM, with lower torque 
ripple finite element approach can be utilized to design the optimized model of the motor 
with magnetization of permanent magnets mounted in the rotor core using the stator 
windings [9]-[11]. 
 
1.4 Thesis Outline 
This study focuses on developing a five-phase PMa-SynRM with LPM model and 
optimizing the model using DES and FEA for minimum torque ripple.  
Chapter II discusses the initial five-phase PMa-SynRM models that are developed 
in LPM and then optimized by genetic algorithm to find most superior model in 
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efficiency, cost and torque ripple. Once the optimization is done, FEA simulations are 
conducted to fine tune the estimated value in LPM such as saturation flux source. 
Chapter III discusses the design of three-phase PMa-SynRM model in LPM and 
FEA. Brief description on the optimization of the machine is also provided. 
Chapter IV provides a comparison of the three-phase and five-phase PMa-
SynRMs. The design procedure and modeling of both the motors is discussed. Results 
obtained through FEA for back-EMF, developed torque, torque ripple, cogging torque 
and other necessary motor parameters such as d and q axes inductances variation over 
their respective axis currents are presented in this chapter. 
Chapter V discusses the experimental setup developed to test the machines. 3kW 
dynamo setup with 3kW Induction machine coupled to the 3kW PMa-SynRMs is 
discussed in detail with the specifications. Results obtained through FEA for back-EMF, 
developed torque, torque ripple, cogging torque and other necessary motor parameters 
such as d and q axes inductances variation over their respective axis currents are 
validated with experimental tests on the fabricated 3kW five-phase PMa-SynRM 
prototype at rated power operating point. 
Chapter VI focuses on the expansion of the research to develop a 15kW PMa-
SynRM for integrated starter generator (ISG) application in a hybrid electric vehicle 
(HEV). Initial three-phase FEA and LPM models of the IPM ISG in the 2006 Honda 
Civic hybrid have been designed. Five-phase PMa-SynRM ISG design has been 
proposed. Simulation results for torque developed, back-EMF, and cogging torque have 
been presented for the developed three-phase IPM ISG. Design and optimization 
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procedure for the further development of five-phase PMa-SynRM ISG has been 
presented in this chapter.  
Chapter VII discusses the conclusion of the work presented in the thesis and 
future work that can be done. Initially, brief discussions on the results of five-phase PMa-
SynRM and their comparison with three-phase PMa-SynRM have been presented. 
Further, the future work that can be done with this research as the base has been 
discussed in this chapter.  
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CHAPTER II 
MODELLING AND OPTIMAL DESIGN OF FIVE-PHASE PMA-SYNRM 
2.1 Introduction 
The five-phase PMa-SynRM has been initially modeled using mathematical equations 
for representing the voltage and flux linkage equations. The equation for torque 
developed has also been presented which is derived from the voltage and flux linkage 
equations of the motor. Further, Lumped Parameter Model (LPM) is used to analyze the 
magnetic circuit of the motor. Finite element analysis (FEA) is also used to design the 
motor in 2-dimensional (2D) atmosphere to study the electromagnetic behavior of the 
machine. Differential evolution strategy (DES) is then utilized to optimize the machine 
with multiple iterations between LPM and FEA. Final optimized five-phase PMa-SynRM 
model has been simulated parametrically and the simulation results are obtained for back-
EMF, flux linkage, cogging torque, torque developed and d- and q-axis inductances 
versus their respective currents [22]. 
2.2 Mathematical Modeling 
The model can be best described as a hybrid of the multiphase Interior-Permanent-
Magnet Machine [5] and Synchronous Reluctance Machine [4]. The voltage equation of 
five-phase PMa-SynRM is in vector matrix form as follows: 
s
s s s
d
V R I
dt

 
      (1) 
9 
where [ ]
T
s as bs cs ds esV v v v v v , [ ]
T
s as bs cs ds esI i i i i i , [ ]
T
s as bs cs ds es       is the stator 
voltage, currents, and air-gap flux linkage vector matrix. 
 
 
2 4 4 2
cos cos cos cos cos
5 5 5 5
2 2 4 4 2
( ) sin sin sin sin sin
5 5 5 5 5
1 1 1 1 1
2 2 2 2 2
T
   
    
   
     
        
           
        
        
            
        
 
 
 
   (2) 
( ) ( )d r q q PM q r d dV L I V L I          (3) 
d d d q q q PML I L I         (4) 
where, dL is the d-axis inductance, q
L
is the q-axis inductance, and PM  is the permanent
magnet flux linkage. 
Based on the five-phase model, abcde coordinate is projected into two 
dimensional rotor d-q reference frame using transformation matrix shown in (2) and the 
voltage equation in (1) and the flux linkages can be written as (3) and (4). 
    The electro- magnetic torque of five-phase PMa-SynRM can be derived as, 
 
5 5
Im
2 2 2 2
5
( )
2 2
e qd qd d q q d
PM d d q d q
p p
T I I I
p
I L L I I
  

        
    
(5) 
where p  is the number of pole pairs.
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d-axis
q-axis
dsV
qsVqsI
dsI
sI
s sr I
sV
ds dsjX I
qs qsjX I
PM
PME
PME
Fig. 2. Phasor diagram of PMa-SynRM. 
Fig. 2. shows the phasor diagram of the PMa-SynRM used in the rotor reference frame 
assuming steady state conditions. dsX and qs
X
are the d-q axes reactances. ( dsI , qs
I
) and 
( dsV , qs
V
) are the d-q axes currents and voltages respectively. sI and sV  are the resultant
stator current and voltage respectively.  PME is the back emf which is aligned with the d-
axis. Permanent magnet flux linkage, PM  is aligned with the q-axis.   is the angle
between q-axis and resultant stator current. 
2.3 Machine Modeling using LPM 
Lumped parameter model is a magnetic equivalent circuit model for calculating d 
and q-axis parameters. Nonlinear magnetic characteristics are considered to model the 
lumped parameter model in this research. Fig. 2 shows the PMa-SynRM cross sections 
11 
with their magnetic equivalent d and q-axis circuits determining the saturation effects for 
calculation of d-axis inductance and q-axis inductances. The magnetic saliency created by 
two flux barriers prevents rated excitation from saturation along q-axis. Therefore, the 
PM flux linkage can be calculated by the linear q-axis equivalent circuit with flux source, 
PM flux source and saturation flux source. In Fig. 3 (a), Φgi is the air gap flux source 
which flows through the stator teeth, Φm and Φb are PM flux source and estimated 
saturation flux source which are the opposite in direction in the magnetic circuit. rgi and 
rmi are the reluctances in the air gap and the flux barriers respectively. 
The parameter, fqri is the magnetic voltage source where {1,2,3.....n}i and n is the 
number of flux barriers considered in the circuit. Similarly, in Fig. 3 (b), fdi is the stator 
magnetic voltage source and rsti, rsyi are stator core reluctances. rryi, rgi are the rotor 
core and air gap reluctances where {1,2,3.....n}i and n is the number of slots considered. 
The nonlinear functions of d-axis calculated by nonlinear saturation effects of d-axis 
inductance and magnetic core characteristics by curve fit to the B-H data [12]. 
In this research, the stator winding is selected distributed winding for low EMF 
harmonics and low torque ripple. Also, PMa-SynRM with distributed windings has lower 
inductances, due to lower slot leakage. 
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Fig. 3. Equivalent (a) q-axis and (b) d-axis lumped parameter models  
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2.4 Machine Modeling using FEA 
Finite element model accommodates the flexibility for changing the rotor structure 
and stator configurations depending on user’s requirement. With effective changes in the 
rotor side, efficiency of the motor and developed torque can be affected. In this research, 
the five-phase PMa-SynRM is developed in finite element atmosphere with two flux 
barriers and permanent magnets imbedded in one of the rotor layers.  
 
                                  (a)   
 
                                   (b)  
                       
                                 (c)                                                                       (d)  
Fig. 4. Cross section of five-phase PMa-SynRM for (a) coil span = 2, (b) coil span = 3, 
(c) coil span = 4, and (d) one of the designed models during DES optimization. 
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2.5 Optimization using DES 
Differential evolution strategy (DES) is an evolutionary algorithm which is utilized to 
perform multi objective optimization. Fields such as electrical engineering, mechanical 
engineering has often used DES for optimization of models [23-27]. Fig. 5. illustrates the 
flow chart for optimization process using LPM and DES in this research. Table 1 shows 
important design variables for the optimal five-phase PMa-SynRM design process. The 
iterative process and multiple parametric simulations are time consuming. Thousands of 
models are analyzed to give the best possible optimized model which satisfies the 
objective function. The optimized model is chosen for all the further simulations.  
Start
Yes
Yes
No
No
Prepare 
Candidate
Design
(Based on physical
Reject ?
constraints)
Use in Evolving
Save Results for
New Design
Function for
Evaluate Objective 
Candidate Design
Performance
Calculate Machine
using LPM
Performance
Meets
Specs ?
Done
 
Fig. 5. Flow chart of optimization process using LPM and DES. 
15 
Based on the initial design by LPM and optimization process of DES, number of 
stator slots is converged to 15 and there are three possible double layer winding 
configuration with coil span of 2, 3 and 4. The cross section of five-phase PMa-SynRM 
FEA model and LPM model with 15 stator slots is shown on Fig. 4. By calculation of 
output torque harmonic components and objective function of DES, the coil span is 
selected 3 in order to reduce the torque ripple. 
2 2 2  ( 1  2  3  )Objective Function k Machine loss k Machine cost k Torque ripple    
  (6) 
The objective function in (6) is configured by using machine efficiency, cost and 
torque ripple for penalty function. The weighting coefficients
1k
, 2k  and 
3k
 are multiplied 
to adjust the importance of multiple criteria in the penalty function. In this paper, 
1k
, 2k
are set to 0.3 and 
3k
is 0.4 to get lower torque ripple in the machine. Each iteration 
populates 50 candidate models which satisfies the object function. For the iterative 
process, up to 20 variables of mechanical and electrical variables are defined as min-max 
boundary [13]. 
16 
Table. 1 
Design variables in DES 
Design parameter in LPM Minimum 
for DES 
Maximum 
for DES 
Converged by DES 
Axial stack length [mm] 50 80 62 
Number of winding per slot 5 40 20 
Stator back iron depth [mm] 5 30 10 
Inner diameter/outer diameter of rotor 0.3 0.7 0.657 
Thickness ratio of rotor cavity 0.3 0.8 0.568 
Thickness ratio of rotor bridge 0.15 0.4 0.184 
Number of coil span 2 4 3 
2.6 Simulation Results 
Simulations are conducted at 1800 rpm with no current condition to analyze the 
phase to neutral back-EMF, flux linkage, cogging torque and the results are shown in Fig. 
6 (a), (c), Fig. 7 (a) respectively. It has been observed that the back-EMF has a peak 
value of around 40V and flux linkage has the peak value of 0.13Wb. 
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(a) 
 
(b) 
 
(c) 
Fig. 6. (a) Phase to neutral Back-EMF, (b) Line to line Back-EMF, and (c) Flux linkage 
simulation result from FEM. 
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(a) 
 
(b) 
Fig. 7. (a) Cogging torque and (b) output torque simulation results from FEM. 
 
Fig. 8. d- and q-axis inductances (Ld and Lq) versus their respective currents from FEM 
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Fig. 9. d- and q-axis flux linkages with variation of their respective axes currents from 
FEM 
 
Fig. 10. Input currents for five-phase PMa-SynRM from FEM. 
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Fig. 11. Average torque versus gamma. 
Line to line back-EMF has also been computed through FEA analysis. It has been 
observed that the rms value of the line to line back-EMF is 37.5V. 
Cogging torque at 1800rpm as shown in Fig. 7 (a), has a peak value of 1.16Nm. 
Under full excitation the developed torque is analyzed and the results are shown in Fig. 7 
(b). It has an average value of 15.43Nm. The torque ripple for the developed torque is 
calculated to be 9.96%. 
          The d- and q-axis inductances (Ld and Lq) are calculated using FEA analysis are 
their variation with their respective axes currents has been plotted in Fig.8. It has been 
observed that the five-phase PMa-SynRM has a saliency ratio of approximately 3. Fig. 9. 
shows the d-q axes flux linkages versus change in their respective axes currents. Fig. 10. 
shows the input sinusoidal currents for the five-phase PMa-SynRM. Fig. 11. shows the 
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average torque versus gamma to find the optimal gamma for the maximum torque output 
at rated current. Fig. 12 (a) shows the magnetic flux density (B) plot at rated current. 
The maximum flux density in the stator and rotor at full excitation is 2.61T.  Fig. 12 (b) 
shows the flux line distribution across the cross section of five-phase PMa-SynRM. Flux 
plots are helpful in understanding the saturation of the stator and rotor cores. 
Table. 2 summarizes all the FEA results. The optimized model is fabricated and 
tested at 1800rpm. More details of fabrication process and experimental setup are given 
in Chapter V. 
Table. 2 
Output FEA characteristics 
Parameter Specifications 
Average output torque (Nm) 15.43 
Torque ripple 9.96% 
Line to neutral back-EMF (rms) (V) 30 
Line to line back-EMF (rms) (V) 37.5 
d- axis / q- axis inductances (mH) 23/8 
Max flux density (B) (Tesla) 2.61 
Cogging torque (peak) (Nm) 1.16 
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   (a) 
(b) 
Fig. 12. (a) Magnetic flux density and (b) flux line distribution of five-phase PMa-
SynRM at full excitation. 
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Table. 3 
Design dimensions and specifications
     Table. 3 specifies the dimensions and ratings of the fabricated prototype of five-phase 
PMa-SynRM. Initial tests for back-EMF are conducted and the results are shown in 
Chapter V of the thesis. 
2.7 Conclusions 
In this chapter, a LPM for five-phase PMa-SynRM is developed and optimized using 
DES for low torque ripple. Several parametric simulations are conducted and with 
iterative process an optimized five-phase PMa-SynRM is designed. Simulations are 
conducted on the optimized model to analyze the back-EMF, flux linkage cogging torque 
and developed torque. 
Parameter Specifications 
Number of slot/poles 15/4 
Rated current (rms)(A) 15.17 
Rated voltage (rms) (V) 67 
Power (kW) 3 
Rated speed (rpm) 1800 
Coil diameter (mm) 1.78 
Number of turns per slot 22 
Volume (
3mm
) 233 X 305 X 226 
24 
It has been observed that the five-phase PMa-SynRM has an average torque of 
15.43N.m and low torque pulsation of 9.96% in FEA simulation results. Flux plots have 
also been plotted through FEA. A 3 kW five-phase PMa-SynRM prototype is then 
fabricated based on the optimized model. Experimental tests are conducted to verify the 
FEA simulation results. Phase to neutral and line to line back-EMF results are observed 
through tests. The phase to neutral voltage has rms value of 28V and line to line rms 
voltage is 35V.  
The d-q axes inductances variation with respect to change in operating point of d-q 
axes currents has been observed. The machine has a saliency ratio of about 3. So, with 
low torque ripple and high saliency, the five-phase PMa-SynRM can be a substitute to the 
PM machine used in critical applications such as EVs, and HEVs. 
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CHAPTER III 
DESIGN OF THREE PHASE PMA-SYNRM 
3.1 Introduction 
This chapter discusses about the modeling and prototyping of the development of a 
3kW three-phase PMa-SynRM. In the previous research [13], the three-phase machine 
has been developed for portable generator operation. First, LPM analysis has been 
utilized to develop the magnetic circuit model and then FEA model to validate the LPM 
model followed by DES optimization in interaction with both LPM and FEA models. 
An optimized three-phase concentrated winding 3kW machine has been proposed for 
portable generators in the previous research. The same machine has been re optimized in 
later chapters to meet the design specifications of the five-phase PMa-SynRM for 
comparing the performance characteristics [18-22]. 
3.2 Overview of previous research on three-phase PMa-SynRG 
The research in [13] focuses on the optimal design and performance analysis of 
robust and inexpensive permanent magnet assisted synchronous reluctance generator. 
Tactical and commercial generator sets are the applications considered. The optimization 
was focused on the minimization of volume and maximizing performance for the portable 
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generator. Lumped parameter model was used to study the stator winding configurations 
and rotor structures. Differential evolution algorithm was used to optimize the stator 
winding and rotor structure. Then, FEA was performed and the results were compared 
with the experimental test results. Optimization goals were to reduce the cost of the 
machine by reducing the volume of the NdFeB magnets used and obtaining proper 
number of stator slots per pole for two winding distributions. 
Wide constant power speed range, high efficiency, good power factor and cogging 
torque, torque ripple minimizations were also included. Generator was modeled. Vector 
diagram for generation mode was discussed. Design of rotor and stator configurations 
using lumped parameter model, differential evolution strategy and FEA is discussed. 
Rotor structure has 2 flux barriers per pole. 
The flux barriers prevent rated excitation from saturation along the q axis of the core. 
Magnets were placed in first and second layers to calculate the PM flux. Then, 
differential evolution strategy was used to design the optimal machine. Design variables 
were determined and their range is given for DES optimization. Objective function was 
determined. Iteration process was discussed for LPM and FEA models. Results for 
average torque, cogging torque, torque ripple were obtained. 
Optimized results were obtained and were tabulated. Results show that concentrated 
winding with 8 poles is better than the distributed winding with 4 poles. Back-EMF 
waveforms and d,q axes inductances were compared for the LPM, FEA and experimental 
results for the proposed model. 
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3.3 LPM model, FEA model and Optimization using DES for three-phase PMa-SynRM 
To re-optimize the above designed 3kW PMa-SynRG to the motor design, a 
reasonably good magnetic design can be obtained without using numerical techniques. 
However, the finite-element method must be used to consider the nonlinear magnetic 
behaviors of the materials which play a key role whenever overload performance 
prediction is essential. 
One of the main objectives of this study was to optimize the design of three-phase 
PMa-SynRM by performing a set of finite element analyses on a transversally laminated 
synchronous reluctance machine. In this procedure, different rotor parameters and their 
relative effects on the motor performance in terms of output torque and saliency ratio 
were studied. Moreover, improvement of motor performance due to the permanent 
magnets placed in the rotor core was investigated by studying their effect on developed 
torque and the d- and q-axes inductances [12]. The dimension of permanent magnets 
used in the motor was limited by the cost and flux barrier shapes. Fig. 13. shows the 
developed FEA model of the three-phase PMa-SynRM with same volume and power of 
five-phase PMa-SynRM designed in previous chapter. 
Fig. 13. Cross section of three-phase PMa-SynRM FEA model 
28 
3.4 Conclusions 
This chapter summarizes the previous research on 3kW three-phase PMa-SynRG for 
the portable generator application. In this research, the same machine has been re-
optimized to operate as a motor. The 3kW three-phase PMa-SynRM has been designed 
and optimized using FEA, LPM and DES. The optimized solutions with the converged 
values of design parameters through DES have been utilized to develop the final PMa-
SynRM model. This optimized model has been utilized to develop the prototype machine 
which will be discussed in Chapter V of this thesis. 
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CHAPTER IV 
COMPARISON OF THREE-PHASE AND FIVE-PHASE PMA-SYNRMS USING
LPM, DES AND FEA 
4.1 Introduction 
Though three-phase PMa-SynRM has its own advantages compared to the other types 
of machines in critical applications, five-phase PMa-SynRM offers better performance 
characteristics. To show the prominence of five-phase PMa-SynRM it is very important 
to compare the performances of the developed three-phase and five-phase PMa-SynRMs. 
This chapter focuses on 1) introducing the initial procedure followed in development of 
both the machines and 2) comparing the performance characteristics such as back-EMF 
and flux linkage waveforms, torque developed, cogging torque and the d- and q-axis 
inductances variation over their respective currents via FEA simulation results. 
Conventional three-phase machines are widely spread across the world in many 
applications. Extensive research has been done in optimizing the three-phase system from 
over 100 years. However, in recent years, five-phase system has been researched for 
advanced machines such as interior permanent magnet (IPM), synchronous reluctance 
machine (SynRM), and permanent magnet assisted synchronous reluctance machine 
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(PMa-SynRM) [7]-[9][15]. It can be observed that the electric stress on each inverter leg 
for the five-phase machine is less compared to that of a three-phase machine. 
So it is important to compare the performances of three-phase and five-phase machines 
for critical applications. 
Three-phase IPM motor has shown drawbacks such as large amount of rare earth 
magnet requirement in design, inverter shut down issues under uncontrolled generator 
mode operations, and large d-axis current at high speed during flux weakening region 
[15]. Though three-phase SynRMs have no rare earth magnets in rotor, they suffer from 
lower saliency and higher torque ripple which is highly undesirable in applications such 
as electric vehicles (EVs) and hybrid electric vehicles (HEVs). 
Reducing the size of the rare earth permanent magnets for the IPM motors has been 
researched to make the motor economical and to eliminate the above mentioned limiting 
factors [2] [14]. Permanent magnet assisted synchronous reluctance motor (PMa-SynRM) 
has shown higher efficiency, lower cost, and higher reliability compared to conventional 
IPM motor and SynRM. It has been a promising candidate for the vehicular applications 
with high torque density and high power factors. 
In PMa-SynRMs, the amount of magnets used and the permanent magnet flux 
linkages are small in comparison with the IPM machine and SynRM. Also, the major 
contributor for the total torque is the reluctance torque. On the other hand, the PMa-
SynRMs also offer better torque capabilities and power factors compared to conventional 
synchronous reluctance machines (SynRMs) [2]-[6][14][16][28].  
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Three-phase PMa-SynRM has been widely studied and applied in the industrial 
applications recently. However, there is an increasing demand for the multiphase motors 
due to increased demand for higher power density, reliability and efficiency. 
In addition, multi-phase motors have advantages such as lower harmonic content in 
the field produced by stator excitation, higher fault tolerant capability, and pulsating 
torques with higher frequencies which makes them more reliable than three-phase 
motors. 
Research has been extensively done in developing five-phase IPM and SynRMs [8], 
[17]. Similar concepts can be utilized to develop a five-phase PMa-SynRM. To model the 
machines, compare their performance characteristics and to optimize them with multiple 
parametric simulations on selected design parameters, LPM and FEA models can be 
considered appropriate. 
In this research, three-phase and five-phase PMa-SynRMs are modeled and 
optimized using LPM, FEA and DES respectively. Optimal design for a three-phase 
PMa-SynRM has been developed in the previous study [13]. The comparison on optimal 
design and performance analysis of the developed three-phase and five-phase PMa-
SynRMs is extensively analyzed in each section of this study. The torque equations of 
both motors are briefly analyzed. The optimal design procedure using LPM, FEA models 
and DES and the comparison of three-phase and five-phase PMa-SynRMs has been 
presented. FEA simulation results for back-EMF, flux linkage, torque developed, torque 
pulsation and cogging torque are discussed. Test results on the prototypes to validate the 
FEA simulation results have also been presented. 
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4.2 Modeling of three-phase and five-phase PMa-SynRMs  
The characteristics analysis of three-phase and five-phase PMa-SynRMs is analyzed in 
dq plane for each system. For three-phase PMa-SynRM, the electromagnetic torque T  
and output power P  are as follows 
             ( )3
3 3
( ) ( )
2 2 2 2
ph d q q d PM d d q d q
p p
T I I I L L I I                             (1) 
                                                   .rP T                                                                      (2) 
where, p  is the number of pole pairs, PM is the permanent magnet flux-linkage, and r is 
the rotor angular speed. The voltage equation of five-phase PMa-SynRM in vector matrix 
form is as follows  
                                             s
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are the stator voltage, the current, and the air-gap flux linkage vector matrices.  
           The electromagnetic torque for five-phase PMa-SynRM can be derived with the 
similar procedure followed for three-phase system which is as follows 
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where ( dI , qI ), ( dV , qV ),( d , q ),and ( dL , qL ), are currents, voltages, flux linkages, and 
inductances in d and q reference frame (represented by their subscripts) [12].  
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4.3 LPM, FEA modeling and Optimization using DES 
Lumped parameter (LP) is one of the major approaches used to model the 
electromagnetic effects of electric machines. The q and d-axis equivalent magnetic 
circuits of three-phase and five-phase PMa-SynRMs are fundamentally the same as 
shown in previous chapters. 
FEA is the most commonly used numerical method for electromagnetic analysis of 
electrical machine. In this study, finite element approach is utilized to analyze the three-
phase and five-phase PMa-SynRMs performances. Models that are developed are 
simulated to get the desired output characteristics by modifying the stator configurations 
and rotor construction of each machine. 
With effective changes in the rotor, the efficiency of the motor and developed torque 
can be affected. In this study, the PMa-SynRMs are developed in finite element 
atmosphere with two flux barriers and the permanent magnets are imbedded in the top 
layer. NdFeB permanent magnets are selected for a safe operation in high temperatures 
preventing demagnetization effects. 
The FEA models are parametrically simulated with the design parameters chosen to 
optimize the motor. Fig. 14 (a) and (b) shows the cross sections of the three-phase and 
five-phase PMa-SynRMs with concentrated and distributed winding configurations 
respectively with same design specifications. 
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 (a)            (b) 
Fig. 14. PMa-SynRM FEA models (cross section): (a) three-phase and (b) five-phase.
      (a)            (b)
Fig. 15. Designed PMa-SynRM models from LPM for (a) three-phase and (b) five-phase. 
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Both FEA models are developed with a power rating of 3kW, rated current of 15.17A 
(rms), rated voltage of 67V (rms) and are at run at a rated speed 1800rpm. The outer 
stator diameter and coil diameter for both the FEA models is 190mm and 1.78mm 
respectively. The models are then evolutionally optimized through the DES and then 
fabricated for testing. 
The three-phase and five-phase PMa-SynRMs modeled using LPM and are optimized 
using differential evolution strategy (DES) with the considered design parameters. The 
LPM models iteratively interact with the FEA models to develop optimized models. 
Equation (5) depicts the objective function for optimizing three-phase and five-phase 
PMa-SynRMs. 
   
2 2 2  ( 1  2  3  )Objective Function k Machine loss k Machine cost k Torque ripple    
   (5) 
where 
1k
, 
2k
and 
3k
 are the weighting coefficients which are added to modify the 
multiple criteria in the objective function. 
For three-phase PMa-SynRM
1k
, 
2k
, 
3k
are set to 0.6, 0.4 and 0 respectively to 
have higher efficiency. In five-phase PMa-SynRM,
1k
, 
2k
 are set at 0.3 and 
3k
is set at 
0.4 for converging to the optimal solution with lower torque ripple. Several iterations are 
run with this objective function to identify the best candidate solution for the motor. 
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Design parameters chosen for DES are shown in Table. 4. The optimization 
program which is configured to minimize the machine cost and torque ripple gives the 
best design solution which satisfies all the design specifications and requirements, such 
as required torque. The optimal solutions for each design parameter value are selected to 
fabricate the motors. 
Fig. 15. shows some of the converged LPM models through DES optimizer. 
However, the best solutions have been utilized to model in FEA and validate with 
experimental tests. 
Table. 4 
Design parameters in DES 
Three-phase Five-phase 
Design parameter in LPM 
Minimum 
for DES 
Maximum 
for DES 
Minimum 
for DES 
Maximum 
for DES 
Axial stack length [mm] 50 80 50 80 
Number of winding per slot 5 40 5 40 
Stator back iron depth [mm] 5 20 5 30 
Inner diameter/outer diameter of 
rotor 
0.5 0.8 0.3 0.7 
Thickness ratio of rotor cavity 0.3 0.5 0.3 0.8 
Thickness ratio of rotor bridge 0.15 4 0.15 0.4 
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4.4 Simulation results 
4.4.1 Comparison of back-EMF and flux linkage 
FEA simulations are conducted on the optimized models. Fig. 16(a) shows the 
line to neutral back-EMF waveforms for three-phase and five-phase PMa-SynRMs at 
1800rpm in no current condition. It can be seen that the peak value of five-phase PMa-
SynRM is around 40V whereas for the three-phase PMa-SynRM it is 48.2V. It can be 
deduced from the results that the five-phase PMa-SynRM motor has lower back-EMF 
amplitude compared to that of three-phase motor. 
Fig. 16 (b) shows the line to line back-EMF for three-phase and five-phase PMa-
SynRMs. It has been observed that the rms voltage of line to neutral back-EMF for the 
five-phase PMa-SynRM is 37V whereas it is 65V for three-phase PMa-SynRM. 
Fig. 16(c) shows the phase flux linkage in three- phase and five-phase PMa-
SynRMs.  It has been observed that peak value of PM flux linkage for three-phase and 
five-phase PMa-SynRMs is 0.12Wb and 0.14Wb respectively. 
 Fast Fourier transform (FFT) is performed on the results using Hanning window 
to analyze the harmonics in back-EMF and flux linkage. Fig. 17(a) shows the harmonic 
components of the back-EMF for three-phase and five-phase PMa-SynRMs. 
Total harmonics distortion calculated for back-EMF in three-phase and five-phase 
PMa-SynRMs is 77.48% and 63.8% respectively. Flux linkage harmonics for three-phase 
and five-phase PMa-SynRMs are shown in Fig. 17(b). It has been observed that the 3
rd
harmonic of flux linkage is eliminated in five-phase PMa-SynRM 
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(a) 
 
(b) 
 
(c) 
Fig. 16. FEA results for three-phase and five-phase PMa-SynRMs (a) line to neutral 
back-EMF, (b) line to line back-EMF, and (c) flux linkage. 
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(a) 
 
(b) 
Fig. 17. Harmonic components of three-phase and five-phase PMa-SynRMs (a) back-
EMF and (b) flux linkage. 
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4.4.2 Comparison of average torque and torque ripple 
Simulations are conducted to analyze average torque with developed model in 
FEA. The average torque, developed at 1800rpm with rated current for FEA models of 
three-phase and five-phase PMa-SynRMs, is 15.48Nm. The torque ripple for three-phase 
and five-phase PMa-SynRMs, shown in Fig. 18(a), are 81.3% and 10% respectively. It 
can be concluded that the amplitude of the torque pulsation has effectively reduced in the 
five-phase PMa-SynRM while the frequency of the pulsation has increased. 
Frequency of the torque pulsation is increased in five-phase PMa-SynRM due to the fact 
that three-phase system takes 6 pulses for one electrical revolution while five-phase 
system takes 10 pulses and the three-phase system takes higher magnitude pulses to 
deliver the same output which resulted in higher amplitude of torque pulsation. 
4.4.3 Comparison of cogging torque 
Cogging torque is the result of interaction between the rotor magnetic flux and 
variable permeance of the air gap due to the stator slot opening. Cogging torque is 
calculated from the FEA simulations conducted over the developed three and five-phase 
PMa-SynRMs. The results are shown in Fig. 18(b) and the observations are that the five-
phase cogging torque has higher peak to peak amplitude of 2.32Nm while three-phase 
PMa-SynRM has 1.04Nm. It has been observed that the amplitude of the cogging torque 
for five-phase PMa-SynRM is higher compared to that of three-phase motor since the 
former has 4 poles and 15 slots while latter has 8 poles and 12 slots. The observations 
also show that the frequency of the five-phase PMa-SynRM has increased about 25% 
compared to that of three-phase PMa-SynRM. 
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      (a) 
     (b) 
Fig. 18. FEA results at 1800rpm for three-phase and five-phase PMa-SynRMs (a) torque 
developed (b) cogging torque. 
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4.4.4 Comparison of d- and q-axis inductances variation with their respective axes 
currents 
The d- and q- axis inductances should be compared to compare the saliency ratio 
and saturation of both the three-phase and five-phase PMa-SynRMs. In this study, the d- 
and q-axis inductances versus their respective axes currents have been computed using 
FEA. The results are shown in Fig. 19.  It can be clearly observed that the saliency ratio 
of the five-phase PMa-SynRM is quite better compared to that of the three-phase PMa-
SynRM. As shown in Fig. 19(a) and (b), five-phase PMa-SynRM has a saliency ratio of 
approximately 3 while three-phase PMa-SynRM has around 1.65. 
4.4.5 Flux plots 
Flux plots at full excitation have been observed for the three-phase and five-phase 
PMa-SynRMs. Fig. 20 (a) and (b) shows the flux lines of three-phase and five-phase 
PMa-SynRMs respectively. It can be observed that the flux (Wb/m) is higher for five-
phase PMa-SynRM compared to that of three-phase PMa-SynRM due to larger PMs in 
five-phase machine. Since the poles are halved in five-phase PMa-SynRM, total magnet 
composition has to be increased to deliver the same output torque. 
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(a) 
(b) 
Fig. 19. FEA results for variation of d- and q-axis inductances versus their respective 
currents for (a) five-phase and (b) three-phase PMa-SynRMs. 
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(a) 
(b) 
Fig. 20. Flux plots of (a) three-phase and (b) five-phase PMa-SynRMs. 
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4.5 Conclusions 
In this chapter, a comparison of optimized three-phase and five-phase PMa-SynRMs 
with 3kW power rating and same volume is presented. LPM and FEA models are 
successfully modeled and optimized using differential evolution strategy. The optimized 
models of the motors are then fabricated and tested at 1800 rpm to perform detailed 
comparison. The results have shown that under same design specifications the five-phase 
PMa-SynRM can reduce back-EMF harmonics effectively and the amplitude of torque 
pulsation is significantly lower compared to that of three-phase motor. 
Cogging torque is observed to have higher amplitude with 1.16Nm peak in five-phase 
PMa-SynRM while the three-phase motor has 0.5Nm peak which is approximately 55% 
lower. Variation of d- and q-axis inductances with change of their respective axes 
currents has been observed. It can be concluded that the saliency ratio of the five-phase 
PMa-SynRM is much higher compared to that of the three-phase PMa-SynRM. Flux 
plots have been plotted and the flux distribution in the cross sections of the machines is 
observed. 
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CHAPTER V 
EXPERIMENTAL SETUP AND RESULTS 
5.1 Introduction 
For validating the analysis provided in the research, the comparison between three-
phase and five-phase PMa-SynRMs, a 3kW dynamo setup has been established to test, 
verify and compare the performance characteristics obtained through LPM and FEA 
analyses. This chapter includes the detailed description on the 1) design materials 
utilized, 2) dimensions and ratings, and 3) initial test results for back-EMF of both 
fabricated three-phase and five-phase PMa-SynRMs. 
5.2 Design Materials 
The following materials are utilized for both the machines in FEA model and also in 
the fabrication process. Stators and rotors for three-phase and five-phase PMa-SynRMs 
are made up of S40 steel. With the advanced technology in manufacturing permanent 
magnets, machines with higher efficiency and power density characteristics are obtained.  
This exactly matches with the demands of many commercial applications. 
47 
Fig. 21 and Fig. 22. depict B-H curve and the stack of NdFeB PMs. They are inserted 
in the second layer of the rotor cores and they are fixed by notches at the end of corners 
for both three-phase and five-phase PMa-SynRMs.  Table. 5. shows the characteristics of 
NdFeB PM.  Fig. 23. Shows the BH curve of the S40 steel used as stator and rotor cores 
for the fabricated machines. 
Table. 5 
Characteristics of NdFeB permanent magnet
Grade 
Remanence 
Br [T] 
Maximum energy 
BHmax [MGoe] 
Recoil 
permeability 
Thermal 
Characteristic 
N42SH 1.27 ~ 1.32 39 ~ 43 1.05 ~ 150 degree 
Fig. 21.  B-H curve of NdFeB permanent magnet. 
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Fig. 22.  NdFeB permanent magnets. 
Fig. 23. BH Curve for S40 Steel. 
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5.3 Dimensions and ratings 
The three-phase and five-phase PMa-SynRMs are designed at same power rating and 
same size. Table. 6. shows the dimensions and ratings of three-phase and five-phase 
designed motors. 
Table. 6 
Ratings of the motors
Parameter Three-phase Five-phase 
Number of slot/poles 12/8 15/4 
Rated current (rms)(A) 15.17 15.17 
Rated voltage (rms) (V) 67 67 
Power (kW) 3 3 
Rated speed (rpm) 1800 1800 
Coil diameter (mm) 1.78 1.78 
Number of turns per slot 24 22 
Volume ( 3mm ) 233X305 X 226 233X 305 X 226 
5.4 Experimental results for back-EMF 
The developed models are fabricated and tested at 1800 rpm to observe the motor 
performances. Results for line to neutral back-EMF are shown in Fig. 24 (a) and (b) for 
five-phase and three-phase PMa-SynRMs respectively. Fig. 25 (a) and (b) shows the line 
to line back-EMF results. 
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(a) 
 
(b) 
Fig. 24. Experimental results of line to neutral back-EMF at 1800rpm for (a) three-phase 
PMa-SynRM (25V/div, 1ms/div) (b) five-phase PMa-SynRM (25V/div, 4ms/div). 
The experimental results are close to the simulated FEA results shown in Fig. 16 
(a) and (b). The difference for both the systems from FEA is around 2-6% which is due to 
the NdFeB magnets which are used in fabrication of motor. However, in simulations 
NdFe35 which is the closest alloy in FEA is chosen with 10% higher magnetic flux 
density.  
Fig. 26. (a) and (b) shows the stators and rotors of the fabricated three-phase and 
five-phase PMa-SynRMs respectively. Fig. 27. shows the experimental dynamo setup for 
testing the three-phase and five-phase PMa-SynRMs. A 3.7kW induction machine is 
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utilized to load the PMa-SynRMs. Inverters have been developed to control three-phase 
and five-phase PMa-SynRMs individually.  
 
 
(a) 
 
(b) 
Fig. 25. Experimental results of line to line back-EMF at 1800rpm for (a) three phase 
PMa-SynRM (25V/div) and (b) five-phase PMa-SynRM (20V/div). 
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Fig. 26. (a) Stator winding and rotor core for three-phase PMa-SynRM, (b) stator winding 
and rotor core for five-phase PMa-SynRM.  
The total stack length of the rotor cores is 65mm and NdFeB permanent magnets 
are embedded in the second layer of the rotor bridge for both the machines. In order to 
prevent magnets escaping at high speed, a hub will be inserted between the rotor core and 
the shaft will be fixed by two square shaped keys. 
  
(a) 
  
(b) 
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Fig. 27. 3kW dynamo setup for testing PMa-SynRMs 
 
5.5 Conclusions 
A 3kW dynamo has been developed to test the fabricated three-phase and five-phase 
PMa-SynRMs. The designs of the rotor and stator of both the PMa-SynRMs has been 
initially done in FEA and verified with LPM. The designs are then fabricated with S40 
steel for stators and rotors. NdFeB PMs have been embedded in the rotor to generate the 
PM torque to support the reluctance torque. The experimental setup has been utilized to 
test the machines for initial results which are presented in this chapter.  
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CHAPTER VI 
RESEARCH EXPANSION TO INTEGRATED STARTER GENERATOR
APPLICATION 
6.1 Introduction 
With the advent technology in the vehicular applications, hybrid electric vehicles 
(HEVs) are gaining more attention in research. Particularly, the machine which is used to 
start the engine, provide torque under high torque demand, and charge the battery while 
regenerating is widely researched. Integrated starter- generator has been chosen as the 
best choice for such application since it executes all the three operations efficiently. 
Integrated starter-alternator/generator (ISG) is a hybrid of normal generator used in 
vehicles. It operates in motoring mode to provide specific power at start up and also acts 
as an alternator in regular operation. Extensive research has been done for designing ISG 
for vehicular applications. With increase in demand for high rated output in vehicles over 
the years, ISG has been considered as the solution which can be utilized in internal 
combustion engine (ICE) starting and successive power generation features. 
Traditionally, machines such as induction motors (IM), surface permanent magnet (SPM) 
machines and interior permanent magnet (IPM) motors have been considered for ISG 
operation in vehicular applications [32-38]. 
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Interior permanent magnet (IPM) motor has been trust worthy in vehicular 
applications since it has advantages such as high torque to current ratio, high reliability, 
and high efficiency. However, PMa-SynRM, which is similar to IPM in structure, has 
been chosen in the proposed design of ISG due to its additional features such as lesser 
permanent magnet (PM) composition, higher efficiency, lower cost, and higher reliability 
[18-22]. 
In this chapter, a three phase PMa-SynRM has been developed to operate as an ISG. 
First, current three-phase 15kW IPM machine which is utilized as ISG in Honda Civic 
Hybrid has been developed in 2D finite element atmosphere. Second, a lumped parameter 
model (LPM) of three-phase 15kW PMa-SynRM has been developed with similar design 
characteristics.  
 
6.2 Comparison of Lumped Parameter Modeling and Finite Element Modeling 
Analytical and finite element analyses play a crucial role in the design of an optimal 
machine with best design characteristics. Lumped parameter model (LPM) is the 
analytical method of modeling a machine which can be interpreted as a magnetic 
equivalent circuit (MEC) for calculating d- and q-axis parameters. In this study, nonlinear 
characteristics are taken into account for modeling LPM. MECs for d- and q-axis circuits 
which determine the saturation effects for calculating d- and q- axis parameters are 
modeled with similar approach followed in the previous chapters. 
Finite element analysis (FEA) is an accurate approach to analyze the machine’s 
performance characteristics before it is fabricated.  
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The proposed 15kW 16pole/24 slot PMa-SynRM is designed using LPM initially. 
The 2D FEA model of IPM ISG and the proposed LPM design for three-phase PMa-
SynRM ISG for can be seen in Fig. 28 (a) and (b) respectively.  
 
(a) 
 
(b) 
Fig. 28. (a) 2D FEA model for IPM ISG (b) Proposed LPM model for PMa-SynRM ISG  
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Control algorithm is developed in the finite element atmosphere to control the 
machine’s operation as a generator and motor depending on the demand. Fig. 29. shows 
the procedure to be followed to optimize the proposed LPM model using FEA model and 
DES optimizer.  
 
 
 
 
 
 
 
 
 
Fig. 29. Flow chart of optimization process using LPM and FEA. 
 
6.3 Simulation Results 
Both LPM and FEA analyses give users a flexibility of changing the rotor and stator 
configurations depending on the design requirements. Efficiency and developed torque 
can be effectively changed with appropriate variation of rotor and stator size, shape and 
alignment.  
Candidate designs in 
LPM and FEA 
Start 
Optimized design in LPM 
using DES 
FEA Simulations for optimal 
performance characteristics 
Comparison of LPM and 
FEA results 
Multiple iterations 
End 
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Simulations are conducted at 1160 rpm with no current condition to analyze the flux 
linkage, back-EMF, cogging torque and the output torque results are shown in Fig. 30 (a), 
(b) and  Fig. 31 (a), (b) respectively. It has been observed that the back-EMF has a peak 
value of around 408V and flux linkage has the peak value of 0.46Wb. Cogging torque at 
1160rpm as shown in Fig. 31 (a), has a peak value of 5.92Nm. 
   
        (a) 
         
  (b)        
Fig. 30. FEA simulation results for (a) Back-EMF and (b) PM flux linkage. 
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      (a) 
 
                                                                           (b)                                                                                                               
Fig. 31. FEA simulation results for (a) Cogging torque and (b) Output torque. 
 
Under full excitation the developed torque is analyzed and the results are shown in 
Fig. 30 (b). It has an average value of 103Nm. The torque ripple for the developed torque 
is calculated to be 17%. This torque ripple can be effectively reduced with the PMa-
SynRM configuration. Table. 7. summarizes the output FEA characteristics.  
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Table 7 
FEA output characteristics for IPM ISG 
6.4 Conclusions 
In this chapter, an IPM ISG of Honda civic hybrid is developed and optimized in FEA 
environment. A new PMa-SynRM structure for ISG with similar characteristics has been 
developed using LPM analysis. The 15kW PMa-SynRM ISG can have better torque-
speed characteristics compared to the IPM ISG. The saliency ratio has been clearly 
increased in PMa-SynRM structure compared to that of IPM ISG. The FEA results of the 
reference IPM ISG model have been presented. The initial LPM results for the proposed 
PMa-SynRM ISG have also been presented. 
In the future work, a thorough comparison of both the machines will be presented in 
terms of d- and q-axis parameters and other important performance characteristics. The 
advantages of proposed ISG model over the current IPM ISG will be presented.  
Parameter Specifications 
Average output torque (Nm) 103 
Torque ripple 17% 
Line to neutral back-EMF (rms) (V) 288.45 
Cogging torque (peak) (Nm) 5.92 
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CHAPTER VII 
CONCLUSIONS AND FUTURE WORK 
7.1 Conclusions 
 The focus of the research in this thesis is initially developing a LPM for five-phase 
PMa-SynRM and optimizing it using DES for low torque ripple. Several parametric 
simulations have been conducted and with iterative process an optimized five-phase 
PMa-SynRM has been designed. Simulations are conducted on the optimized model to 
analyze the back-EMF, flux linkage cogging torque and developed torque. 
It has been observed that the five-phase PMa-SynRM has an average torque of 
15.43N.m and low torque pulsation of 9.96% in FEA simulation results. Flux plots have 
also been plotted through FEA. A 3 kW five-phase PMa-SynRM prototype is then 
fabricated based on the optimized model. Experimental tests are conducted to verify the 
FEA simulation results. Phase to neutral and line to line back-EMF results are observed 
through tests. The phase to neutral voltage has rms value of 28V and line to line rms 
voltage is 35V.  
The d-q axes inductances variation with respect to change in operating point of d-q 
axes currents has been observed. The machine has a saliency ratio of about 3. So, with 
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low torque ripple and high saliency, the five-phase PMa-SynRM can be a substitute to the 
PM machine used in critical applications such as EVs, and HEVs. 
The FEA results observed for three-phase PMa-SynRM have been compared with the 
results of five-phase PMa-SynRM. Some observations include, cogging torque, which 
has higher amplitude 1.16Nm peak in five-phase PMa-SynRM while the three-phase 
motor has 0.5Nm peak which is approximately 55% lower. Variation of d- and q-axis 
inductances with change of their respective axes currents has also been compared for 
both the machines. It can be concluded that the saliency ratio of the five-phase PMa-
SynRM is much higher compared to that of the three-phase PMa-SynRM. Flux plots have 
been plotted and the flux distribution in the cross sections of the machines is observed.  
So with the same power rating and same size, five-phase PMa-SynRM has shown 
better performance characteristics compared to the three-phase PMa-SynRM. For critical 
applications such as EVs, HEVs and military vehicles where torque ripple and harmonics 
are important factors, five-phase PMa-SynRM can be a better substitute to present three-
phase machines.  
Later, an IPM ISG of Honda civic hybrid is developed and optimized in FEA 
environment. A new PMa-SynRM structure for ISG with similar characteristics has been 
developed using LPM analysis. The PMa-SynRM ISG has better torque-speed 
characteristics compared to the IPM ISG. The saliency ratio has been clearly increased in 
PMa-SynRM structure compared to that of IPM ISG. The FEA results of the reference 
IPM ISG model have been presented in this thesis. The initial LPM results for the 
proposed PMa-SynRM ISG have also been presented.  
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7.2 Future Work 
In this thesis, a detailed procedure of developing both three-phase and five-phase 
PMa-SynRMs has been presented. A thorough comparison between the developed 
models has also been presented. However, most of the results presented are from FEA 
and LPM analysis. Further experimental tests have to be performed to validate the FE and 
LPM results with the test results. No load and load tests can also be performed to test the 
five-phase machine’s performance characteristics under various loads.  
Also, the winding configuration of the three-phase PMa-SynRM is concentrated and 
that of five-phase PMa-SynRM is distributed type of winding. Since, both the models are 
optimized individually and then compared the machines have been fabricated with the 
same winding configuration output from the DES. However, it would be an interesting 
research to compare both the machines with the same winding configuration type.  
In ISG application, comparison of both the machines from FEA and LPM can be 
done in terms of d- and q-axis parameters and other important performance 
characteristics. The advantages of proposed ISG model over the current IPM ISG should 
be proved with FEA, LPM and experimental tests.  
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